Pseudomonas syringae pv. tomato DC3000 is a model pathogen for studying the molecular basis of plant immunity and disease susceptibility in tomato and Arabidopsis. DC3000 uses a type III secretion system to inject effector proteins into the plant cell. Type III effectors are thought to promote bacterial virulence by suppressing plant defenses and enhancing access to nutrients trapped in the plant cell. The AvrPtoB type III effector elicits immunity-associated programmed cell death (PCD) when expressed in tomato plants carrying the Pto resistance protein. However, in the absence of Pto, AvrPtoB functions to suppress PCD and immunity in tomato. Here, we review current research examining the molecular basis of AvrPtoB-mediated elicitation and suppression of plant PCD. In addition, the ''trump model'' is proposed to explain how resistance proteins successfully elicit immunity-associated PCD in response to effectors that suppress PCD.
Introduction
Plant pathogenic bacteria must overcome plant defenses and gain access to nutrients trapped inside the plant cell in order to colonize the host, multiply and cause disease. Many phytobacteria require a type III secretion system (TTSS) to mount a successful attack on a host. The TTSS functions like a syringe and is used by phytobacteria to inject virulence proteins into the host cell. These type III effector proteins are believed to promote disease by altering the normal physiology of the plant to benefit the pathogen (reviewed in [1, 2] ).
Plants have evolved mechanisms to detect the presence of bacterial pathogens and activate defenses that delay or arrest disease formation. For example, plants can activate basal defenses upon detection of bacterial flagellin or lipopolysacharrides [3] [4] [5] . Basal defenses, such as cell wall reinforcements and expression of defense-associated proteins, are slowly induced and function to delay pathogen growth; however, basal defenses do not completely prevent disease formation. Plants have also evolved intracellular resistance (R) proteins that can detect the presence of specific type III effectors inside the plant cell [6] . Pathogen recognition by R proteins quickly activates defenses and results in plant immunity. A key phenomenon associated with R protein-mediated immunity is the hypersensitive response (HR), a process involving rapidly induced programmed cell death (PCD) in cells near the site of infection [7] . HR-based PCD is believed to limit pathogen spread by killing the pathogen along with infected plant cells. Together, basal and HR-based defenses are a formidable barrier to bacterial pathogenesis and present a strong selective pressure for pathogens to evolve mechanisms to avoid or suppress these defenses.
Pseudomonas syringae pv. tomato DC3000 (DC3000) causes bacterial speck disease on tomato and Arabidopsis and is the subject of intensive study as a model bacterial plant pathogen. The DC3000 genome has been sequenced and over 30 type III effectors have been identified [8, 9] . DC3000 elicits HR-based immunity when inoculated on tomato plants carrying the Pto R protein. Pto is a serine/threonine protein kinase that elicits PCD and immunity when it interacts with the DC3000 effector proteins AvrPto or AvrPtoB [10] . Pto also requires a second protein, Prf, to signal HR-based PCD [11] . On tomato plants lacking Pto, however, both AvrPto and AvrPtoB promote bacterial growth [12] [13] [14] through mechanisms that have only recently been identified. For example, AvrPto suppresses cell wall-based defenses in Arabidopsis [15] , and AvrPtoB promotes DC3000 virulence by suppressing HR-based PCD [14] . The purpose of this review is to examine the AvrPtoB effector as an elicitor of HR-based PCD and as a prototypical effector with cell death suppressor (CDS) activity. Other potential virulence functions of AvrPtoB will also be discussed. Additionally, we will propose a model examining how plants successfully elicit HR-based PCD in response to effectors with CDS activity.
AvrPtoB elicits Pto-mediated programmed cell death and immunity
The search for AvrPtoB was instigated by early studies of AvrPto in P. syringae. It was observed that a P. syringae strain with avrPto deleted from its genome still elicited HR-based immunity on Pto-expressing tomato plants [16] , suggesting that P. syringae might carry a second elicitor that is recognized by Pto. Because AvrPto and Pto interact in a yeast two-hybrid system [17, 18] , it was reasoned that the unidentified elicitor might also interact with Pto. To isolate AvrPtoB, a cross-kingdom yeast two-hybrid screen was undertaken, using a Pto bait protein to screen multiple DC3000 prey libraries [19] . From this screen, an interacting protein was identified that showed sequence similarity to the P. syringae pv. phaseolicola (Pph) type III effector VirPphA. This VirPphA-like protein elicited Pto-and Prf-dependent HR-based PCD in tomato leaves, demonstrating the interactor was AvrPtoB. Deletion of both avrPto and avrPtoB from DC3000 results in a virulent pathogen that no longer elicits host immunity, showing that these effectors are likely the only elicitors of Ptomediated immunity in tomato [13] .
AvrPtoB belongs to a gene family whose founding member is VirPphA. VirPphA was identified as a virulence factor residing on a large Pph plasmid [20] . Although AvrPtoB and VirPphA share approximately 51% sequence identity, the regions of identity are dispersed throughout the proteins, suggesting AvrPtoB and VirPphA are related but divergent proteins [21] . VirPphA homologs identified from P. savastanoi pv. savastanoi and P. syringae pv. glycinea have 98% and 95% amino acid sequence identity to VirpPhA, respectively [21] . In contrast, several AvrPtoB homologs have been identified from P. syringae strains that have 64-67% amino acid sequence identity to AvrPtoB and only 24-30% identity with VirPphA (N. Lin and G. Martin, unpublished data). Therefore, AvrPtoB and VirPphA belong to distinct subgroups of proteins and may not be homologous proteins. Indeed, differing HR-eliciting activities for VirPphA and AvrPtoB have been observed [21] . Other distinct members of this gene family exist, including the P. syringae pv. maculicola (Pma) effectors HopPmaL and HolPmaN [22] . The HopPmaL and HolPmaN effectors are truncated AvrPtoB-like proteins with sequences similar to the N-terminal 354 and 156 acids of AvrPtoB, respectively. Recent phylogenetic analyses of AvrPtoB-like proteins have led to the proposal of the HopAB gene family [23] . The HopAB family includes three subgroups of effectors, with proteins related to VirPphA, AvrPtoB or HopPmaL belonging to the HopAB1, HopAB2 and HopAB3 effector subgroups, respectively [23] .
Substantial differences exist between the AvrPtoB and AvrPto proteins. For example, AvrPtoB has a predicted mass three times that of AvrPto and the proteins only share limited sequence similarity [19] . The AvrPtoB-Pto interaction, however, shows striking similarities to the AvrPto-Pto interaction. For example, in a yeast two-hybrid system, interaction of Pto with both AvrPto and AvrPtoB is dependent on Pto residue threonine 204 [19, 24] . Further mutagenesis studies of Pto have demonstrated nearly identical interaction patterns between Pto and AvrPto or AvrPtoB [25] . Interestingly, two Pto mutations were identified that abolished the AvrPtoB-Pto interaction, but not the AvrPto-Pto interaction, indicating that minor differences might exist between how these effectors dock on Pto [25] . Another interesting similarity between AvrPto and AvrPtoB is the conservation of the GINP motif in both proteins. Mutations in the AvrPto GINP motif disrupt the AvrPto-Pto interaction [12] ; in particular, AvrPto residue isoleucine 96 is critical for the AvrPto-Pto interaction [26] . The solution structure of AvrPto was recently solved and revealed that the GINP motif lies in a solvent exposed X loop that is well suited for interacting with Pto [26] . Mutations introduced into the AvrPtoB GINP loop also interfere with the AvrPtoB-Pto interaction and abolish Pto-mediated recognition of AvrPtoB in tomato [19] . However, these mutations do not completely eliminate the interaction with Pto, as weak interactions are observed in the yeast two-hybrid system [19] . Furthermore, a deletion mutant of AvrPtoB, missing 245 amino acids of the C-terminus and completely removing the GINP motif, still interacted strongly with Pto in a yeast two-hybrid system ( [14] , Fig. 1 ). Therefore, the AvrPtoB GINP motif is not required for the AvrPtoB-Pto interaction; rather, the GINP motif might play a role in maintaining the global structure of intact AvrPtoB.
AvrPtoB suppresses programmed cell death
VirPphA was first identified as a virulence factor that allows Pph to evade HR-based immunity [20] . In this study, a Pph strain carrying a large native plasmid caused disease on bean; however, removal of the plasmid from Pph caused this strain to elicit HR-based immunity on bean, suggesting that a factor on the plasmid allowed Pph to evade HR-based defenses. This factor was determined to be VirPphA. When expressed by Pph, VirPphA and AvrPtoB both cause a water-soaking phenotype on bean pods, hinting that these proteins share a conserved virulence activity that may target HR-based defenses [21] .
The discovery that AvrPtoB acts inside the plant cell to suppress PCD was the result of a serendipitous observation in the wild tobacco species Nicotiana benthamiana. N. benthamiana is used as a model system for studying HR-based PCD because of its robust cell death phenotype in response to elicitor proteins expressed by Agrobacterium-mediated transformation. When AvrPto and Pto are transiently expressed in N. benthamiana leaves, macroscopic tissue collapse and cell death are observed in the transformed leaf [14, 18, 27] . Like tomato, N. benthamiana requires an endogenous Prf protein to signal Ptomediated PCD, indicating that the Pto signaling pathway is conserved in N. benthamiana [28] [29] [30] . Therefore, it was expected that transient co-expression of AvrPtoB and Pto in N. benthamiana would also result in HR-based PCD. However, cell death was not observed when AvrPtoB and Pto were co-expressed in N. benthamiana leaves. Because VirPphA was known to target HR-based PCD, it was hypothesized that Pto recognized AvrPtoB in N. benthamiana, but that AvrPtoB suppressed the PCD signaled by Pto. Several experiments supported this hypothesis. For example, PCD elicited by a constitutively active mutant of Pto, Pto(Y207D) [31] , was suppressed by co-expression of AvrPtoB. AvrPtoB also suppressed PCD elicited by the Cf9 resistance protein [32] and the pro-apoptotic mouse protein Bax [33] , indicating that AvrPtoB did not specifically target Pto-mediated PCD, but acted as a general cell death suppressor. AvrPtoB also suppresses stress-induced PCD in yeast, revealing that AvrPtoB targets a component of eukaryotic PCD that is conserved between the plant and fungal kingdoms.
The PCD eliciting and CDS activities of AvrPtoB have been mapped to distinct regions of the protein (Fig. 1) . The N-terminus of AvrPtoB, from amino acids 1-308, is sufficient for interacting with Pto in a yeast two-hybrid system, eliciting Pto-mediated HR in tomato and, significantly, this mutant gains the ability to elicit Pto-mediated HR on N. benthamiana [14] . This observation hinted that CDS activity resided in the C-terminus and, indeed, the AvrPtoB C-terminus from amino acids 308-553 was determined to be sufficient for CDS activity. Therefore, AvrPtoB is a modular protein with cell death eliciting and suppressing activity in the N-and C-termini, respectively.
Further mutagenesis of AvrPtoB revealed that deleting as few as 44 amino acids from the C-terminus causes a loss of CDS activity. Unexpectedly, an AvrPtoB mutant lacking CDS activity caused Pto-independent PCD in both tomato and N. benthamiana. This gain of PCD suggested that AvrPtoB CDS activity was suppressing PCD triggered by a normally hidden R gene; this R gene was named Rsb for Resistance suppressed by the avrPtoB C-terminus. We have determined that a fragment of AvrPtoB from amino acids 1-308 is sufficient to elicit Rsb-mediated HR ( Fig. 1; F . Xiao and G.B. Martin, unpublished data).
We exploited this hidden elicitor activity to link AvrPtoB CDS activity with DC3000 pathogenesis. DC3000 expressing wild type AvrPtoB causes disease on RG-pto11 tomato plants that lack a functional pto gene [34] . A DC3000 mutant, DC3000::mut5, was constructed with a chromosomal, C-terminal truncation of AvrPtoB that abolished CDS activity; this mutant elicited HR-based immunity in the previously susceptible RG-pto11 plants. Re-introduction of intact AvrPtoB in trans restored virulence of DC3000::mut5 on RG-pto11. Therefore, loss of AvrPtoB CDS activity causes a gain of host immunity to DC3000, and restoration of CDS activity with intact AvrPtoB induces disease susceptibility in an otherwise resistant plant. In these experiments, the importance of CDS activity in pathogenesis was observed without protein overexpression because both mutant and intact AvrPtoB were expressed from native promoters and delivered by the pathogen, demonstrating that CDS activity observed by overexpression of AvrPtoB in heterologous systems, such as N. benthamiana and yeast, is biologically relevant at physiologically expressed levels during the DC3000-tomato interaction. These findings reveal that the compatible interaction between DC3000 and RG-pto11 is successful because AvrPtoB is suppressing HR-based PCD (Fig. 2) . The discovery of the hidden R gene Rsb reveals that AvrPtoB is recognized by two resistance genes. The Pto R gene belongs to a gene family composed of 5-6 Pto family members. These Pto family members, along with Prf, are clustered together on a 30 kb region of tomato chromosome 5 [10, 35, 36] . Several lines of evidence indicate that a Pto family member encodes Rsb. First, Rsb-mediated resistance is Prf dependent, like Pto and the fenthion-sensitivity gene Fen/PtoB [37] . Second, Rsb is likely present on the Pto locus because RGpto11 plants exhibit Rsb-mediated resistance, while the near isogenic line RG-PtoS does not exhibit Rsb-mediated resistance [14] ; the primary difference between RG-pto11 and RG-PtoS is the Pto locus, although, it is possible other unidentified differences exist between these lines. Finally, virus-induced gene silencing using a Pto fragment, designed to silence all Pto family members, abrogates Rsb-mediated resistance and HR-based PCD in tomato and N. benthamiana, respectively (R.B. Abramovitch and G.B. Martin, unpublished data). Together, these data strongly suggest that two distinct Pto family members recognize AvrPtoB. Once Rsb is cloned it will be interesting to determine if AvrPtoB interacts with Rsb, and if so, comparisons can be made between AvrPtoB-Pto and AvrPtoB-Rsb interactions.
The trump model
Several other DC3000 type III effectors have since been demonstrated to have CDS activity, including HopPtoD2, HopPtoE, HopPtoF, HopPtoN, AvrPphE and AvrPpiB1 [38] [39] [40] [41] . As well, it is possible that Pph effectors that block the HR, such as AvrPphC and AvrPphF [42] , may also have CDS activity. Interestingly, the CDS activity of these effectors is not specific as they suppress HR-based PCD elicited by several R proteins. A puzzling observation regarding CDS effectors is that many CDS effectors were first identified by their ability to elicit the HR, demonstrating that there exists cultivar specificity to their HR eliciting or suppressing activities. In a simple model, R proteins can dominantly elicit HR-based PCD in response to CDS effectors and CDS activity is only observed in the absence of the cognate R protein. Observations of AvrPtoB, however, do not support this simple model. For example, AvrPtoB can suppress Pto-mediated PCD in N. benthamiana but not tomato [14] ; therefore, Pto cannot always elicit PCD in response to AvrPtoB. And tomato is not completely impervious to AvrPtoB CDS activity, because in the absence of Pto, AvrPtoB suppresses PCD in tomato. These observations reveal that a factor might act in conjunction with Pto to suppress AvrPtoB CDS activity.
Based on our observations with AvrPtoB PCD eliciting and CDS activities, we propose a model that accounts for how R proteins successfully elicit HR-based PCD in response to effectors that suppress HR-based PCD (Fig. 3) . In this model, CDS effector-elicited HR might require both the cognate R protein and a second factor that can suppress, or trump, the CDS activity of the effector. We propose that a trump (T) factor may act with a cognate R protein to mount HR-based immunity in response to a CDS effector. Some premises of this model include: (i) an R protein without a specific T factor can recognize its cognate CDS effector, but the HR is dominantly suppressed by the CDS effector (Fig. 3A) , Fig. 2 . A model for AvrPtoB induced disease susceptibility in RGpto11 tomato leaves. RG-pto11 plants lack a functional Pto protein and are susceptible to DC3000 infection. AvrPtoB is a modular protein, where the N-terminus (shown as a blue oval) elicits Rsbmediated HR-based PCD and the C-terminus (presented as a red hexagon) suppresses HR-based PCD. DC3000 uses a type III secretion system to deliver AvrPtoB into the plant cell, where the Rsb R protein (shown as a green box) can recognize the N-terminus of AvrPtoB. The C-terminus of AvrPtoB, however, suppresses PCD signaled by Rsb, possibly by binding a host component required for PCD (shown as an orange box) enabling DC3000 to infect the host. Once disease susceptibility is induced, the N-terminus of AvrPtoB, which also exhibits virulence activity, is proposed to bind a host susceptibility factor (shown as a blue box) that allows DC3000 to enhance disease symptoms or increase bacterial growth.
(ii) an R protein with a specific T factor can recognize its cognate CDS effector and dominantly elicit the HR (Fig.  3B) ; and (iii) a T factor without its cognate R protein will not suppress the CDS activity of the cognate CDS effector, and consequently, CDS activity from this effector can suppress HR-based PCD elicited by a distinct effector/R-protein pair (Fig. 3C) . This ''trump model'' accounts for how some effector-R protein interactions are hidden and how removing an effector from a pathogen can reveal normally hidden resistance phenotypes ( Fig. 3D; [14, 20, 42] ).
The proposed T factors may be specific for a particular effector-R protein pair or may target multiple effector-R protein pairs. A T factor may be a single dominant or recessive gene or even a complex trait. One could imagine a T factor acts by altering the localization of the R protein complex, performing a posttranslational modification of the effector or R protein (e.g., phosphorylation, proteolysis, ubiquitination, etc.), or by enhancing R protein-mediated PCD. For example, in the case of AvrPtoB, a simple explanation for dominant Pto-mediated immunity elicited by AvrPtoB is that HR-based PCD is ''stronger'' in tomato than N . benthamiana, and therefore tomato can overcome AvrPtoB CDS activity. In this case, the T factor may be a gene or complex trait that enables tomato to achieve a more sensitive, ''hair-trigger'' PCD response, analogous to the barley gene MLO [43] . In barley, the MLO protein acts to downregulate PCD and cell wallbased defenses and plants expressing MLO are susceptible to Blumeria graminis f. sp. hordei [44] . However, mutations in mlo result in enhanced disease resistance, owing to enhanced cell wall-based defense and a more sensitive PCD response that enables arrest of Bgh before it can establish a successful infection. Perhaps, in tomato, the T factor is an mlo-like mutation that causes a stronger, more rapid cell death response that enables Pto to successfully activate immunity in response to AvrPtoB. Identification of T factors might enable plant breeders to develop more durable resistance to plant pathogens and increase the repertoire of functional R proteins by discovering and employing normally hidden effector-R protein interactions.
The proposed trump model helps describe observations of AvrPtoB HR eliciting and suppressing activities. However, for other CDS effectors, alternate models may be proposed to explain how a plant mounts a successful HR in response to a CDS effector. For example, CDS effectors may target specific PCD signalling pathways, and therefore, R proteins using an unaffected PCD signaling pathway can effectively elicit the HR upon recognition of the CDS effector.
Other potential AvrPtoB virulence activities
On susceptible tomato plants AvrPtoB likely has other virulence activities in addition to its ability to suppress HR-based PCD. For example, the DC3000::mut5 mutant lacking CDS activity exhibits a 10-fold decrease in growth on susceptible RG-prf3 tomato plants [14] . Plants with the prf3 mutation cannot mount Pto-or Rsb-mediated immunity; therefore, CDS activity might also act as a quantitative virulence factor in the absence of HR-based immunity.
Deletion of both avrPto and avrPtoB from DC3000 also supports the hypothesis that AvrPtoB quantitatively increases pathogen growth and disease formation on susceptible tomato plants [13] . A DC3000::DavrPtoB mutant causes reduced speck number on susceptible is recognized by a cognate protein R1 and Avr2 is a non-CDS effector recognized by cognate R protein R2. T1 is a trump factor that acts together with R1 to inhibit CDS1-mediated suppression of PCD.
Capitalized genes are present in the plant, lower case genes are absent. Note. T1 is presented as a dominant gene for this example; however, T1 could be a recessive gene or a complex trait.
tomato leaves, however, this deletion does not reduce pathogen growth. This observation suggests that AvrPtoB promotes disease symptom formation, possibly by inducing speck-associated cell death. In fact, AvrPtoB has been observed to activate ethylene production in tomato to cause enhanced disease-associated cell death (J. Cohn and G.B Martin, unpublished data). It is perhaps surprising the AvrPtoB would both suppress and induce cell death during pathogenesis, however, we have proposed a model where effectors suppress PCD early in infection to enable the pathogen to avoid HR-based immunity and then, once infection is established, induce host PCD to gain access to nutrients or aid pathogen dissemination [1] . This model is supported by observations of the animal pathogen Salmonella, where depending on its stage of growth it uses type III effectors to induce or suppress PCD [45, 46] . The DC3000::DavrPto/avrPtoB double mutant causes fewer specks and also grows more slowly on susceptible RG-prf3 plants, indicating that AvrPto and AvrPtoB likely contribute additively to DC3000 virulence [13] . Addition of avrPtoB on a broad host range plasmid to the DC3000::DavrPto/DavrPtoB double mutant causes a significant increase in growth and speck number on RG-prf3, further supporting the existence of a quantitative AvrPtoB virulence function on susceptible tomato plants.
Evidence exists for a virulence activity attributable to the AvrPtoB N-terminus that is independent of Cterminal CDS activity. In nature, truncated versions of AvrPtoB, such as HopPmaL, have been identified that only contain sequence similar to the N-terminus of AvrPtoB. Maintenance of HopPmaL in Pma suggests that this protein may promote bacterial virulence activity. Phylogenetic analyses indicate that HopAB family members, including HopPmaL, are undergoing positive selection in the N-terminus, demonstrating that this region of AvrPtoB is diversifying, possibly to promote pathogen virulence or avoid detection by Pto-like Rproteins [47] . Indeed, we have observed virulence activity for the N-terminus of AvrPtoB when it is delivered by a DC3000::DavrPtoB mutant (F. Xiao and G.B. Martin, unpublished data). Together, these data suggest that the N-terminus of AvrPtoB acts as a virulence factor, independent of its C-terminal CDS activity (Fig. 2) .
Conclusion
The discovery that AvrPtoB both elicits and suppresses HR-based PCD in tomato provides a glimpse into the co-evolution of a bacterial plant pathogen and its host. Suppression of PCD by AvrPtoB highlights PCD as a vital front in the battle between the pathogen and the host. In some cases, the ability of the pathogen to suppress PCD or the plant to trump effector CDS activity can be the deciding factor determining disease outcome. By exploring the mechanisms of AvrPtoB CDS activity we hope to elucidate processes that are essential for plant immunity. Identification of PCD components required for plant immunity and discovering ''trump factors'' that act as counter defenses to CDS effectors may enable novel approaches for breeding crops with durable resistance to pathogens.
